The negative thermal expansion material potassium cadmium dicyanoargentate, KCd[Ag(CN) 2 ] 3 , is studied at high pressure using a combination of X-ray single-crystal diffraction, X-ray powder diffraction, infrared and Raman spectroscopy, and density functional theory calculations. In common with the isostructural manganese analogue, KMn[Ag(CN) 2 ] 3 , this material is shown to exhibit very strong negative linear compressibility (NLC) in the crystallographic c direction due to structure hinging. We find increased structural flexibility results in enhanced NLC and NTE properties, but this also leads to two pressure-induced phase transitionsto very large unit cells involving octahedral tilting and shearing of the structurebelow 2 GPa. The presence of potassium cations has an important effect on the mechanical and thermodynamic properties of this family, while the chemical versatility demonstrated here is of considerable interest to tune unusual mechanical properties for application.
■ INTRODUCTION
Materials where external stimuli induces an anomalous response, such as expansion upon cooling (negative thermal expansion, NTE 1−3 ) or on application of hydrostatic pressure (negative linear compressibility, NLC 4, 5 ) , have recently received considerable attention. These materials that "break the rules"as a result of specific, and therefore rare, elastic anomalies 6−8 are curious from a fundamental point of view but might also be revolutionary for a range of technologies including interferometric pressure sensors, pressure-controlled or pressure-sensitive electronic devices, and smart actuation. 2,4,9−11 The ability to design materials with unusual properties is therefore a key focus of the field: can we understand these elastic anomalies so that we can tune the magnitude and/or range of negative responses?
Negative thermal expansion may occur in one, two, or all principal directions without violating thermodynamics. 12, 13 Thus, for example, the volume coefficient of thermal expansion , conventionally formulated as the bulk modulus, B = (K V ) −1 ), must be definite and positive. 15 Expansion under pressure can occur in one or two directions, as long as this is coupled to volume reduction. 5, 12, 16 Therefore, negative linear compressibility (NLC)the expansion in one principal direction of a material under hydrostatic pressureis conceptually and empirically related to linear-NTE. In both cases, anomalous response relies on mechanical anisotropy. The so-called "wine-rack" model is often invoked where mechanical hinging allows linear expansion coupled to volume reduction on increasing pressure or decreasing temperature. 5, 8 Attention in this field has focused on a class of materials known as coordination polymers (CPs), in particular due to the very large magnitude of responses found in comparison to conventional oxide-based materials. 7 Examples that show large NTE and NLC include cyanide frameworks such as Ag 3 (refs 21 and 22) , and metal−organic frameworks 23 27) . In many cases, mechanical response can be predicted in these systems by considering the framework as a set of rigid connectors and hinges, sodepending on geometry and topologyNTE or NLC can be targeted. 8, 28 Despite no formal relationship between the two phenomena 15 (with at least one known example violating the correspondence, ref 29) , the correspondence of NTE and NLC is found in many systems, and across several other structural mechanisms of anomalous mechanical response. 5 While up to 3% of 13,621 materials with elastic data recently analyzed in the Materials Project database are predicted to have NLC, 30 experimental reports of large and sustained NLC remain rare.
A promising family of NTE/NLC coordination polymers are dicyanometallates with the general formula AM[M′(CN) 2 ] 3 (A = group 1 monocation; M = +2 transition metal; M′ = Ag, Au). These adopt trigonal structures that are related to Ag 3 [Co-(CN) 6 ]: in all cases, octahedral M 2+ nodes are linked via the essentially linear [M′(CN) 2 ] − cation into a simple cubic network. 20, 31, 32 Three of these frameworks interpenetrate, giving rise to a nanoporous framework with channels running in the c direction ( Figure 1 ). In the analogues of interest here, extra-framework K + cations are included within these channels. These K + cations have been found to induce soft-mode frustration in the structure which stabilizes the strong NLC response in KMn[Ag(CN) 2 ] 3 to much higher pressures than the cation-free Ag 3 [Co(CN) 6 ] (≡Co[Ag(CN) 2 ] 3 ) up to 2.2 GPa at least; cf. 0.19 GPa in the parent compound. 18, 19 A variety of cations can be found withinand reversibly interand de-intercalated into 33 materials from the wider structural family. 32 Here we refer to these materials as stabilized cyanometallate coordination polymers to highlight their importance in investigating anomalous pressure responses in particular.
Our previous study of KMn[Ag(CN) 2 ] 3 (ref 19 ) did not report any phase transition behavior, so it was not possible to identify the mechanism of NLC. High-pressure studies have been previously utilized to identify the critical behavior of NTE material Zn(CN) 2 (ref 34) , where phase transitions can be used to reveal the lowest-energy distortions driving mechanical response under changes in temperature or pressure. In the present study, the isostructural KCd[Ag(CN) 2 ] 3 is investigated to much higher pressures and across three phase transitions. Here we use high-pressure IR and Raman spectroscopy, singlecrystal and powder diffraction measurements, and firstprinciples calculations to investigate the pressure response of KCd[Ag(CN) 2 ] 3 in detail. We identify two main phase transitions up to 4 GPa and solve the distorted structures based on powder and single-crystal X-ray diffraction. The sequence of structures observed is fully consistent with our IR and Raman spectroscopic results; indeed, such spectroscopic measurements directly probe the change in dominant vibrational modes of the framework with increasing pressure that complements our structural studies. First-principles calculations permit the identification of spectral regions of interest and the specific vibrational modes affected by structural transformation.
There is good reason to expect this material to show enhanced NLC compared to KMn[Ag(CN) 2 ] 3 , as it exhibits one of the largest NTE effects among isostructural dicyanometallates. 20 In this wider family of materials, the maximized flexibility can be attributed to (i) the large, geometrically flexible Cd 2+ cations 35 and (ii) the presence of weak argentophilic interactions. 36 Both of these factors minimize the energy of deformation, while retention of potassium within the framework is expected to stabilize the framework from collapse. We find large and persistent NLC over the whole pressure range investigated. Our study concludes by highlighting key factors in the design of NLC coordination polymersin particular the need to balance mechanical flexibility (to enhance the magnitude of response) with pressure stability (to increase the pressure range of response)and commenting on wider implications, including the utility of combining techniques to give a full understanding of the mechanism, 37 and on future directions in the design of flexible materials with anomalous mechanical response. 23 3 . Synthesis of a large sample of small crystals was also possible by careful layering of concentrated solutions in a test tube. As the product was previously reported to be light-sensitive, 20 all reactions were left in the dark and products were kept in sample vials wrapped in foil.
■ EXPERIMENTAL SECTION
High-Pressure Single-Crystal Raman Spectroscopy. Variable-pressure Raman experiments were performed using a membrane diamond anvil cell (DAC). The cell was placed under the Mitutoyo 50× objective on an Olympus microscope coupled to a Jobin-Yvon T64000 spectrometer equipped with a triple monochromator. The 676.4 nm line of a Kr + laser was used for excitation. A single crystal was loaded in the preindented hole of a stainless steel gasket along with a ruby sphere as a pressure calibrant, and glycerol was used as a pressure-transmitting medium. 39 The pressure was measured based on the shift of the ruby R 1 fluorescence line. A range of nonpenetrating media were used in our studies, as the commonly used 4:1 methanol:ethanol mixture was found in a preliminary test to react with the sample at high pressure, similar to what is observed in Zn(CN) 2 . 34, 40 High-Pressure Far-Infrared Spectroscopy. Far-IR experiments were performed using a membrane DAC on a Bruker instruments IFS66v/s Fourier transform infrared spectrometer (FTIR) equipped with a Ge-coated Mylar (6 μm) beamsplitter and a bolometer detector. The spectra were recorded over the 35−600 cm −1 range with a resolution of 2 cm −1 with 400 scans per spectrum. A double condenser system (Cassegrain objectives 15×, numerical aperture 0.4) was used. Single crystals were ground and mixed with polyethylene, which was used to dilute the sample. This mixture was then loaded in the preindented hole of a gasket along with a ruby sphere as for Raman experiments.
High-Pressure Single-Crystal X-ray Diffraction. Singlecrystal X-ray diffraction measurements at high pressure were performed using a Rigaku Oxford Diffraction (Agilent) Gemini-S Diffractometer (Mo Kα1, λ = 0.0.71073 Å) equipped with a Sapphire CCD detector at 65.00 mm from the sample. The same crystal was also studied at room pressure on a Rigaku Oxford Diffraction (Agilent) X'calibur diffractometer. A 170 × 80 × 30 μm 3 single-crystal plate was fixed to one anvil of a Merrill-Bassett DAC equipped with Boehler−Almax diamonds along with a ruby microsphere for pressure calibration. The opening angle of the cell was 80°to give maximum access to reciprocal space during data collection. A tungsten gasket was placed on the other anvil, Daphne7474 oil 41 was added as a pressure transmitting medium, and the two parts of the cell were then assembled. Data collection, indexing, and reduction were performed using CrysAlisPro (Agilent) software along with absorption correction for the ambient-pressure data. High-pressure data were corrected for absorption using Absorb7.0. 42 Structure refinements were performed using SHELXL97. 43 Structural models for the highpressure phases were obtained based on the structure of the ambient pressure phase and the observed group−subgroup relationships based on the unit cells and space groups of the high-pressure phases. 44 C and N atom positions were located using difference Fourier maps. The C−N distance was constrained in all refinements, making use of the average value determined in the ambient-pressure phase. Due to the large number of variables for the two high-pressure phases, the Ag−C and Cd−N distances were also constrained. C and N atoms were treated using isotropic displacement parameters for the high-pressure data sets.
High-Pressure Synchrotron Powder X-ray Diffraction. Several KCd[Ag(CN) 2 ] 3 single crystals were ground to a very fine powder and placed in the preindented and drilled cavity of a stainless steel gasket in an ETH Diamond Anvil Cell. A ruby microsphere was added to measure the pressure, and silicon oil was used as the pressure transmitting medium. X-ray diffraction data were obtained on beamline BM01A (Swiss-Norwegian beamline) at the ESRF. A wavelength of 0.69412 Å was selected using a Si(111) monochromator with a 100 μm focused beam-size. Data were collected using a MAR345 image plate placed at ∼250 mm from the sample. Calibration and integration of the images were performed using FIT2D. 45 Pawley fits to data were performed using TOPAS Academic v4.1 46 at each pressure using space groups as determined from single-crystal experiments using a single TCHZ peak shape. 47 Rietveld refinement was not possible due to the extreme preferred orientation within the pressure cell, especially at low pressure.
Computational Methods. First-principles calculations were performed within the density functional theory framework, as implemented in the ABINIT package. 48 The exchange-correlation energy functional is evaluated using the local density approximation parametrized by Perdew and Wang. 49 The all-electron potentials are replaced by normconserving pseudopotentials generated according to the Troullier−Martins scheme. 50 K(4s 1 ), Cd(4d 10 , 5s 2 ), Ag(4d 10 , 5s 1 ), C(2s 2 , 2p 2 ), and N(2s 2 , 2p 3 ) electrons are considered as valence states. The electronic wave functions were expanded in plane waves up to a kinetic energy cutoff of 56 Ha, and integrals over the Brillouin zone were approximated by sums over a 6 × 6 × 6 mesh of special k-points according to the Monkhorst−Pack scheme. 51 Atomic relaxation was performed at the experimental lattice parameters until the maximum residual forces on each atom were less than 6 Ha/Bohr. Dynamical matrix, dielectric constants, and Born effective charges were calculated within a variational approach to density functional perturbation theory. 52 The Raman susceptibility tensors were obtained within a nonlinear response formalism, making use of the 2n + 1 theorem. The infrared transmittance and Raman spectra were calculated as described in refs 53 and 54, respectively.
■ RESULTS AND ANALYSIS Calculated Raman and IR Spectra. KCd[Ag(CN) 2 ] 3 belongs to the D 3 point group. The zone-center optical phonons can be therefore classified according to the irreducible representations of this group as Γ opt = 7A 1 + 9A 2 + 16E. The doubly degenerate E-modes polarized in the xy plane are both Raman and infrared active, while the A 2 -modes polarized along z are only infrared active. The A 1 -modes are Raman active. Close to the Γ-point, the macroscopic electric field splits the polar active modes into transverse (TO) and longitudinal (LO) modes. These calculated modes are listed in Table 1 along with their symmetry. We note that the LO−TO splitting is negligible for all modes except for the A 2 (TO) mode at 146 cm −1 and the E(TO) mode at 169 cm −1 where this splitting can be as large as 26 cm −1 .
Infrared and Raman spectra have also been calculated on a polycrystalline powder and are compared in Figure 2 with the experimental results. Calculated frequencies are systematically slightly upshifted with respect to the experiment due to the significant difference of temperature between the calculation (0 K) and the experiment (295 K). Calculated relative infrared and Raman intensities are in good agreement with the corresponding experimental ones. Based on this good agreement, we assigned the experimental features to specific phonon modes (see Table 1 ).
High-Pressure Single-Crystal Raman Results. Vibrational modes in three spectral regions were investigated under pressure: 25−80, 170−460, and 2160−2190 cm −1 (Figure 3 ). These ranges correspond to translational lattice modes of the cations, lattice modes of the cyanide anions, and internal stretching modes of the cyanide anions, respectively. Beginning with the two observed internal modes in the high-frequency
The Journal of Physical Chemistry C pubs.acs.org/JPCC Article range, the modes first increase in wavenumber as a function of pressure, which might be tentatively interpreted as being due to compression of the C−N bond. A discontinuous increase occurs just above 0.42 GPa above which the modes continue to shift to higher wavenumbers. A second discontinuity occurs above 2.4 GPa, with, in this case, an abrupt decrease in wavenumber. The modes subsequently increase in wavenumber with further increases in pressure, and the higher wavenumber mode becomes unresolvable just above 5 GPa.
These results indicate that above the first discontinuity the C− N bond length decreases, whereas the second discontinuity corresponds to a rearrangement, resulting in an increase in bond length. The Journal of Physical Chemistry C pubs.acs.org/JPCC Article discontinuous shifts of most modes to lower wavenumber and the disappearance of the mode near 195 cm −1 and the appearance of a new mode near 327 cm −1 . Somewhat different behavior is observed in the lowest wavenumber lattice mode region. The two initial broad bands are stable or vary only slightly with pressure. No apparent change occurs near 0.42 GPa; however, the spectrum completely changes above 2.4 GPa. Broad weak bands are replaced by a series of sharp lattice modes, which exhibit a normal increase in wavenumber with pressure due to the decrease in volume. The lowest wavenumber mode is found to split above 6 GPa.
The spectral changes that occur at 0.42 and 2.4 GPa are evidence for phase transitions in KCd[Ag(CN) 2 ] 3 at high pressure. The lower pressure transition principally affects the modes of the cyanide groups and may be linked to a reorientation of these groups without strongly modifying the cation sublattice, as no changes are observed in the cation lattice mode region. The second transition is more abrupt, and the changes in the cation lattice mode region are an indication of a possible rearrangement of the metal sublattice. It is clear that our spectroscopic measurements are very sensitive to both bond lengths (which may be verified, to a certain extent, by crystallographic studies) and the bonding character of the coordination network. Cyanide−metal multiple bonding is known to be significant in many transition-metal cyanide complexes, especially those which involve the metal in a low oxidation state. 55, 56 High-Pressure Far-Infrared Results. Eight low-wavenumber bands in the 40−650 cm −1 region could be studied at high pressure in the far-infrared. As in the case of Raman spectra, significant vibrational discontinuities are identified above 0.5 GPa and between 2 and 3 GPa, as presented in Figure 4 and Figure SI1 . The lowest frequency range (below 175 cm −1 ), where vibrations are assigned to lattice modes involving potassium cations (Table 1) , is the most sensitive to phase transitions. Above 0.5 GPa, a first discontinuity is observed leading to an increase in wavenumber with pressure for all of these lattice modes. Above 2 GPa, the original K−N− Cd wag modes split into two components around 146 and 156 cm −1 . The CN−K−CN twist modes (107 cm −1 at p amb ) become very weak above 2.6 GPa and can no longer be followed above 3 GPa; concomitantly, a new band appears at 88 cm −1 (Figure 4) .
At higher frequencies, the CN−Ag−CN wagging (172 cm −1 at p amb ) vibrations are sensitive both to the first and second phase transitions. At pressures above 0.5 GPa, there is a significant increase of the wavenumber dependence on pressure; between 2 and 3 GPa, the frequency behavior is independent of the pressure. The band position subsequently shifts, and a new feature around 200 cm −1 appears above 3 GPa.
The C−Ag−C twisting + N−K−N scissoring (279 cm −1 ) vibrations also disappear around 2.5 GPa, and a new band appears around 256 cm −1 . Surprisingly, modes that have the same origin at higher frequencies (291 and 315 cm −1 at p amb ) only show a slight sensitivity to pressure discontinuities. Finally, for the scissoring CN−K−NC vibrations (418 cm −1 at p amb ), at 0.5 GPa, the band significantly upshifts and further abrupt changes occur between 2 and 3 GPa. Above this pressure, the band frequency increases monotonically. These observations are consistent with the Raman results and clearly indicate that important structural changes occur around 0.5 and above 2 GPa that strengthen bonding interactions between CN and K.
High-Pressure X-ray Diffraction Results. The combined results from variable-pressure Raman and IR experiments suggest there are two main pressure-induced phase transitions in KCd[Ag(CN) 2 ] 3 : one at around 0.5 GPa and the other above 2 GPa. We therefore turn our attention to crystallographic measurements to characterize (i) the bulk mechanical behavior of this material, (ii) the microscopic origin of response, and (iii) the nature of these new phases. The complementary nature of single-crystal and powder diffraction data is exploited to give a full structural description, and we correlate these structural changes with the major modifications observed in our spectroscopic data. The appearance of superlattice reflections in our diffraction experiments confirms the I → II transition occurs at 0.56(10) GPa < p < 0.68 (10) GPa, and structural refinement shows this is a displacive phase 3 . Red and blue symbols represent two independent sets of experiments. Filled symbols correspond to measurements upon pressure release, and half filled symbols, to new modes appearing after phase transitions. The two phase transitions at ∼0.5 and ∼2 GPa are evident by the splitting of modes and shifting of infrared frequencies; a third transition is possible at ∼3 GPa. Uncertainties that are not represented by error bars are smaller than the symbol size. The pressure axis is extended to 11 GPa to directly compare the data to the Raman results. GPa, the structure could still be refined based on the model of the trigonal ambient pressure phase and no superlattice reflections were observed. A degree of negative linear compressibility was observed in the c direction, which is more fully characterized by fitting to the larger number of lattice parameters extracted from powder diffraction data described below. This expansion is coupled to very strong compression in the a-b plane.
At this first pressure point, the following observations can be made. The N−Cd−N angles oriented along the c direction decrease from 87.0(1) to 85(1)°, with a corresponding increase in the out-of-plane N−N distances in the [CdN 6 ] octahedra by almost 3%. In addition, there is a closing of Cd− N−K angle and increase in some N−Cd−N angles and N−K− N angles. This results in a significant decrease in the distance between [CdN 6 ] octahedra, particularly in the a-b plane, that can be linked to a wine-rack folding mechanism between the layers containing the [CdN 6 ] octahedra. Meanwhile, it is found that the Cd−N distances do not change within experimental error between ambient pressure and 0.59 GPa. Decreases in the Ag−C and K···N distances are observed but are of the order of 2 esds in the high-pressure data; these distances do also have an important component in the a-b plane.
Upon further increase in pressure to 1.6 GPa, a large number of superlattice reflections hkl (l = n/2) were observed. The vast majority of these reflections could be indexed based on a P312 cell, which is doubled along the c direction. Fewer than 15 very weak superlattice reflections hkl with a maximum relative intensity of about 0.3% were also observed with h = n/2 and/ or k = n/2, indicating that the unit cell is also doubled along the a and b directions. Due to the very low intensity of these reflections and the limited high-pressure data available, the structure was refined using the P312 cell doubled only along the c direction with the undistorted starting model. This new structure corresponds to a distortion of the initial structure with antiphase tilting of the [CdN 6 ] octahedra about c, and thus provides a new compression mechanism for the material (Figure 5 ). The cell doubling along a and b probably is a result of slight additional tilts about a and b. A summary of the single-crystal refinement is given in Table 2 ; full details for all refinements are given in the Supporting Information. A similar tilting phase transition was reported in zinc dicyanoaurate at high pressure, 22 and it would seem likely that many coordination frameworks may have similar phase transitions due to the large number of low-energy distortions available leading to subtle peak splitting or cell doublingto allow reduction of the framework (i.e., normalized unit cell V/Z) volume. 57, 58 The challenge in high-pressure experiments is gaining enough intensity and resolution to resolve such distortions, where restraining the model to a higher symmetry is advantageous to reduce the number of variables in the refinement to increase robustness.
Lattice parameters were extracted by Pawley refinement of powder diffraction data at all pressure points in the lowpressure regime, making use of the space groups determined from single-crystal analysis. The variation in the lattice parameters (powder and single crystal) across all phases is presented in Figure 6 . By fitting our variable-pressure lattice parameters for phases I and II using PASCal, 59 we can extract the bulk mechanical response, as given in Table 3 . For phase I, the small number of data points means the behavior is most robustly described using a linear fit to data. Such analysis reveals very large negative compressibility in the c direction of K c = −21(2) TPa −1 , the largest NLC yet found in this family of materials. The compensating PLC is K a = +48(8) TPa −1 , and fitting the unit cell volumes to a third-order Birch−Murnaghan (B−M) equation of state shows rapid stiffening of the structure and a very small bulk modulus at low pressure.
Across the I/II phase boundary, there are no volume nor lattice parameter discontinuities (where c II = 2c I ) due to the close relationship between the two phases and the continuous nature of the phase transition. Calculating compressibilities across both phases, KCd[Ag(CN) 2 ] 3 shows a very large NLC response, K c = −13.9(11) TPa −1 . B−M fitting for the two phases suggests both phases rapidly stiffen on application of pressure (B′ ≫ 4), but again, robust fits cannot be carried out. We can however show that the bulk moduli for both phases are lower than that for KMn[Ag(CN) 2 ] 3 , with the second-order B 0 value of 13.6(10) GPa for phase II giving an upper bound for The Journal of Physical Chemistry C pubs.acs.org/JPCC Article this value, and fitting across both phases gives an average bulk modulus of 11.9(5) GPa. All compressibilities and B−M coefficients calculated using PASCal 59 are presented in Table  3 .
ii. Structure and Compressibility of KCd[Ag(CN) 2 ] 3 -III. At 2.6 GPa, a single-crystal diffraction pattern was observed that was very different to the P312 cell, which is consistent with the major phase transition observed by the Raman spectroscopic measurements. The unit cell could initially be indexed with a rhombohedral unit cell in space group R32 for the two highest pressure points measured based on the observed reflection conditions. Closer inspection of these data indicated that the structure is actually monoclinic and belongs to the C2 subgroup of R32, which allows a shearing of the structure perpendicular to the c axis. The transformation matrix to phase III (C2) with respect to the ambient pressure phase KCd[Ag(CN) 2 ] 3 -I (P312) is
The transformation for the unit cell dimensions is therefore given as a III = a I − 2c I , b III = a I + 2b I , and c III = a I + c I . As in the case of the intermediate phase, there is also a superstructure evident in the highest-pressure C2 data, with weak superlattice reflections indicating a further doubling along all three directions. This results in a very large unit cell that cannot be refined from our data but which can resolve the formal relationship between phase II and the true phase III. In order to solve this structure, a model based on the heavy atom positions only of the ambient pressure structure was initially refined against powder diffraction data. The implementation of ISODISTORT 44 within TOPAS 46 was used to directly refine the symmetry modes with highest amplitude that cause the transition. By using the group− subgroup relationship (P312 → C2), fewer free parameters than a conventional Rietveld refinement are used and so a model could be refined. This model was then used as the starting point for the single-crystal structure refinement; from this, the C and N atoms were readily located on the difference Fourier maps and their positions refined ( Table 4 ). The presence of superlattice reflections suggests this solution is in itself still a spatially averaged structure and the true cell is doubled along all three directions. The complexity of the true structure prevents its full determination using data obtained at high pressure. Further refinement details, structural parameters, and atomic positions are given in full in the Supporting Information.
The structure refinements at 2.6 and 3.1 GPa show that phase III is topologically identical to the ambient pressure phase. Major symmetry-breaking distortions are (i) buckling of the dicyanoargentate linkages, (ii) the offsetting of each network in the c direction, and (iii) the "rippling" of layers of argentophilic interactions (Figure 7) . The major angle change occurs as a result of [CdN 6 ] rotations with a reduction in the C−N−Cd angle from ∼158.3°in phases I and II to an average value of 150.3°in phase III. The dicyanoargentate linker unit remains remarkably linear with a reduction in C−Ag−C of only 2°up to 2.6 GPa; this rigidity is due to the energetically favorable CN back-bonding to Ag which requires good orbital overlap (close to 180°). In the complex high-p structure, it is The Journal of Physical Chemistry C pubs.acs.org/JPCC Article found that all other bond distances decrease and variation in angles suggests a gradual buckling and densification of the structure (Figure 7d) . Around each K + extra-framework cation, side-bound cyanides get progressively more close-packed in nature to create an irregular coordination of more than six cyanides (Figure 7e ). Within the argentophilic layersfound to be key in driving the phase transition in the unstabilized Ag 3 [Co(CN) 6 ] (ref 18)it is found that here Ag + displace up/down in the original c direction, shown schematically in Figure 7b . This rippling distortion maintains favorable argentophilic interactions but allows more extreme buckling of the cubic network and closer packing. In fact, these displacements occur for the entirety of each of the interpenetrated networks, also allowing the Cd 2+ to move out of plane to reduce overall crystal volume. Critically, this distortion mechanism is distinct from that seen in Ag 3 [Co(CN) 6 ]; the soft modes responsible for the transition in the unstabilized dicyanometallate are frustrated, preventing the low-pressure reconstructive phase transition observed in that system. At much higher pressures, we observe clearly distinct phase transition behavior.
At ∼3.6 GPa, an additional set of Bragg reflections appear in our powder diffraction data. Due to the broadening of the data and the fact that this scattering was observed well above the hydrostatic limit of our experiment, no further attempt was made to solve this structure. Here we denote this as the transition IIIa → IIIb; there appears to be no hysteresis in either lattice parameter or volume data, so the transition is continuous. Using the refined lattice parameters for both IIIa/ IIIb, we can calculate average compressibilities along principal directions ( Figure 8 ) and a bulk modulus for phase III. As is expected following a first-order phase transition, the compressibilities and bulk modulus evidence a significant stiffening of the structure. Reduction in the unit cell volumes of The Journal of Physical Chemistry C pubs.acs.org/JPCC Article phase III is well described by a second-order BM EoS (B′ ≡ 4), suggesting the structure acts much more like conventional materials at these pressures. Remarkably, however, NLC is still observed along one principal direction that lies approximately along the c axis of the P312 cell; the retention of framework topology is such thatdespite significant densification mechanical hinging can still occur.
■ DISCUSSION
From a combination of diffraction and spectroscopic measurements, it is possible to reflect in much greater detail on the mechanism of NLC in this family of materials. While diffraction experiments may be used to determine the bulk mechanical response, packing effects, and bond distances, spectroscopic measurements are exceptionally sensitive to changes in bonding character. It is clear from our experiments that the phase transitions observed here are distinct from that of Ag 3 [Co(CN) 6 ], suggesting the presence of a counterion is key to the greater pressure range of response in these stabilized analogues.
We may consider the changes in bonding by discussing the distinct regions where certain interactions are dominant. The bonding between cyanide and Ag illustrates some of the successes and limitations of our spectroscopic data. In the high-wavenumber region where CN stretching is found, we observe an increase in wavenumber in both phases I and II and then a discontinuous decrease. From our diffraction refinements, we see on average a decrease in bond lengths and increasing distortion of the Cd−CN−Ag linker. Tentatively, we assigned the increase in vibrational wavenumber to decreasing bond lengths in phases I and II. The very discontinuous drop between phases II and III suggests a dramatic change in electronic structure. The extent of π-back bonding in Ag−CN complexes from many computational studies 56 is controversial, although most agree there are important metal−ligand multiple bonding effects, while σ-overlap is known to be significant. Thus, it appears that the large discontinuity is directly related to the return to more linear bonding in phase III than phase II, which we find evidence for in our crystallographic models, so π overlap is improved maximizing backbonding, therefore weakening the CN bond due to removal of electron density from the 1π molecular orbitals. The trend in phases I and II can therefore be interpreted in terms of increasing deviation from linearity that leads to more electron density on CN, therefore strengthening and shortening this bond. For phase II, both cyanides tilt in the same direction according to the [CdN 6 ] tilts found from our crystallographic models. The result is that the twisting C−Ag−C modes soften along with the stiffening of the stretching CN bonds, due to weaker Ag−CN bonding. A further effect may be the side-on interaction from K + in the system at high pressure, that would have the effect of removing electron density from the CN, thus weakening this bond.
Changes in the Ag kagomébreathing modes also reflect changes observed from diffraction, coupled with electronic factors. In phases I and II, there is no appreciable change in the Ag breathing modes, despite decreasing bond lengths measured from diffraction that would suggest increasing wavenumber. As the strength of bonding between Ag and CN increases and electronic density is removed from Ag, we might expect an increase in electrostatic repulsion and hence a decrease in the strength of argentophilic interactions. In phase III, the distortion of the kagoménetwork to a rippled sheet clearly reduces the Ag−Ag bonding interaction due to an increase in Ag−Ag bond lengths and thus a significant decrease in argentophilicity.
For Cd−CN stretching, scissoring, and twisting modes, a general stiffening of modes is observed. This can be correlated with the systematic and general decrease in M−CN bonding, an increase in ionic character in the bonding (Ag(CN) 2 as a molecular unit), and more dense packing around the K + by side-on bonding of CN. For example, with the onset of phase III, a hardening of the CN−K−NC twisting/wagging modes is observed, suggesting stronger bonding/interaction. In phase III, the splitting of many modes makes identification of individual effects difficult to interpret; however, it appears some modes soften due to the lowering of symmetry, thus differentiating some cyanides becoming more strongly bonded ionically to the cations, and others moving away.
■ CONCLUSIONS
KCd[Ag(CN) 2 ] 3 has the largest NLC response of this family of materials measured to date. Here we have explored the correspondence between thermo-and piezomechanical responses and the local and average structure mechanism of this unusual response. The studies presented here confirm the soft-mode frustration mechanism, proposed in our original report of NLC in KMn[Ag(CN) 2 ] 3 (ref 19) , to describe the improvement in resistance to pressure-induced phase transition. Indeed, the phase transitions found in this family of stabilized frameworks are distinct from those observed in the guest-free analogueupon application of pressure, a series of phase transitions occur that relate to the buckling of the framework via octahedral tilting, coordination geometry distortion, and concerted shifting of the three interpenetrated frameworks relative to each other to increase packing density. We observe the transition from the open, responsive framework structure of the ambient-pressure material to a phase that has bulk behavior much more like conventional In the trigonal space group of phases I and II, the principal axes are coincident with the a (red squares) and c (blue diamonds) lattice parameters. Phases I and II are fitted simultaneously as empirical fits to phase I only are not robust; however, linear fits to these data give equivalent compressibilities to the fit across both phases as described in the text. In the high-pressure phases IIIa and IIIb, the X2 (green circle) principal axis is coincident with b, while X1 and X2 lie approximately along a and c, respectively. Vertical dashed lines indicate phase transition boundaries; closed symbols (powder X-ray diffraction) and open symbols (single-crystal X-ray diffraction).
The Journal of Physical Chemistry C pubs.acs.org/JPCC Article materials at high pressure. Our spectroscopic studies, in combination with crystallographic data, allow enhanced interpretation of the bond angle and distance changes, and therefore electronic structure, that drives the high-pressure phase transitions. Finally, it is shown that NLC persists across all of the phase transitions.
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